We reported the effect of Zn addition on the glass formation ability (GFA), thermal stability, melting behavior and oxidation behavior of Ce-based bulk metallic glasses (BMGs). The Ce-Cu-Al alloys with Zn addition also have high glass formation ability (GFA) and large supercooled liquid regions (ÁT x , ÁT x ¼ T x À T g , T x is the onset crystallization temperature and T g is the glass transition temperature). The T g , T x and ÁT x are, respectively, 368, 437 and 69 K for the (Ce 0:72 Cu 0:28 ) 87:5 Al 10 Zn 2:5 alloy, and 394, 467 and 73 K for the (Ce 0:72 Cu 0:28 ) 82:5 -Al 10 Zn 7:5 alloy. The ÁT x of the (Ce 0:72 Cu 0:28 ) 100Àx Al 10 Zn x alloys was above 70 K and the BMGs with diameters up to $6 mm could be produced successfully. The critical diameters and ÁT x of the alloys increase with increasing Zn content, and have maximum values of 6 mm and 73 K, respectively, at 7.5 at% Zn, and then decreases in the higher Zn content range. The melting behavior shows that the addition of Zn element causes the significant increase of both T m and T l . The investigation of oxidation behavior shows that the addition of Zn element is effective for the enhancement of the oxidation resistance.
Introduction
In the past 18 years, many kinds of bulk metallic glass (BMG) alloys have been developed, for example, La-, 1) Mg-, 2, 3) Zr-, 4) Cu-, 5) Fe-, 6) Co-, 7) Ni-, 8, 9) Ti-, 10) Pd-, 11) Nd-, 12) Pr-, 13) Pt-, 14) and so like. Among these BMGs, different base BMGs display completely different properties. For Zr-, Cu-, Ni-and Ti-based BMGs, 4, 5, [8] [9] [10] they exhibit good mechanical properties, like high fracture strength and high yield strength, and are excellent candidates for structural materials. Moreover, Fe-based BMGs have good soft magnetic properties 6) and Nd-based 12) (or Pr-based) 13) BMGs exhibit hard magnetic properties. Several Re-based (RE = rare earth) BMG systems have also been developed, such as La-, Pr-, Dy-, and Nd-based BMGs. 1, 12, 13, 15) Recently, Ce-based BMGs with ultra-low glass transition temperatures have also been formed. 16, 17) As the RE elements are very active and are also very easily oxidized in air at room temperature, the application of RE-based BMGs has been greatly limited. It is important to look for a useful element which enhances the resistance to oxidation of RE-based BMGs. More recently, we have found that the addition of Zn element is beneficial to increase the resistance to oxidation in the Ce-based BMGs. In this paper, we report the effect of Zn addition on the glass formation ability, thermal stability, melting behavior and oxidation behavior of Ce-Cu-Al-Zn alloys.
Experimental Procedure
An Ingot with nominal composition of Ce 72 Cu 28 was prepared by arc melting mixtures of high purity Ce (99.99%) and Cu (99.9%) under a Ti-gettered purified Ar atmosphere. Multi-component (Ce 0:72 Cu 0:28 ) 100Àx Al 10 Zn x were prepared by high frequency induction melting a mixture of (Ce 72 Cu 28 ) eutectic alloy, Al metal (99.9%) and Zn metal (99.99%) in a purified Ar atmosphere. Ce-based BMGs in a cylindrical rod form with diameters up to 6 mm were produced by copper mold casting. Ce-based glassy alloy ribbons were prepared by the melt-spinning technique. The glassy phase was examined by X-ray diffraction (XRD) with Cu K radiation.
Thermal stability associated with glass transition, supercooled liquid region and crystallization temperature was examined by differential scanning calorimetry (DSC) in a Seiko DSC 6200 (Exstar 6000, Seiko Instruments Inc.). The melting and liquid temperatures were measured by differential thermal analysis (DTA, TM 9000) with high vacuum system at a heating rate of 0.083 KÁs À1 . The BMG samples with a diameter of 2 mm were cut to the length of 3:0{3:2 mm and used for the measurement of oxidation behavior. In a purified Ar atmosphere, the BMG samples were heated in a furnace at a heating rate (0.083 KÁs À1 ) so as to cause the oxidation behavior on the surface. The weight variation of BMG samples was recorded in real time by a computer and used to evaluate the oxidation resistance. BMGs prepared by copper mold casting are also summarized in It is clear that both T m and T l increase significantly with increasing Zn content. Based on the results of both ÁT x and GFA, it is worthwhile to notice that the ÁT x and GFA increase with increasing T l . This is different from other Ce-based BMGs. For Ce-Cu-Al BMGs and Ce-Cu-Al-Fe BMGs, with increasing Al and Fe contents, the ÁT x and GFA increase greatly, while the T l decreases. 16, 17) The reduced glass transition temperature T rg , which is defined from the ratio of T g =T l , is an important parameter to estimate the glass formation ability.
Results and Discussion
18 19) was also evaluated and had a similar tendency. The dependence of the GFA, T l , T rg and on Zn content is shown in Fig. 3 .
It is also interesting to investigate the oxidation behavior of the Ce-based BMGs containing Zn element because rare earth elements, such as Ce element, are very active and very easily oxidized in air, even at room temperature. The oxidation resistance of Ce-based BMGs can be evaluated by the relative variation of specimen weight with increasing temperatures, which is recorded in real time by a computer. The measurement was stopped at 600 K which is less than the melting points of Ce-based alloys. Figure 4 shows the temperature dependence of relative specimen weight The glassy samples were kept carefully in air. For the (Ce 0:72 Cu 0:28 ) 90 Al 10 glassy alloy, the surfaces of the glassy ribbons changed to yellow and black color completely and no metal luster was observed, indicating that the significant oxidation reaction occurred. However, for the (Ce 0:72 -Cu 0:28 ) 82:5 Al 10 Zn 7:5 glassy alloy, the surfaces of the glassy samples still have bright metallic luster which is typical for glassy alloys although these samples have also been kept so long time in the same atmosphere condition. SEM images of the oxidized surface are shown in Figure 6 . As seen in Figs. 6(a)(b) , the surface of the metallic glass is almost covered fully by the formed oxide layer, indicating that significant oxidation reaction has taken place on the surface of the (Ce 0:72 Cu 0:28 ) 90 Al 10 glassy alloy. However, for the (Ce 0:72 Cu 0:28 ) 82:5 Al 10 Zn 7:5 glassy alloy, little oxides are observed (shown in Fig. 6(c) ), meaning that the addition of Zn element retards significantly the formation of oxides and improves the oxidation resistance.
Conclusion
Ce-Cu-Al-Zn BMGs with high glass formation ability (GFA), a large supercooled liquid region (ÁT x ) and high oxidation resistance were developed. The Zn addition to CeCu-Al alloys improves GFA, enlarges ÁT x and also increases both T m and T l . The maximum ÁT x and critical diameters of the alloys are 73 K and 6 mm, respectively. The reduced glass transition temperature (T rg ) and the parameter also increase with increasing Zn content when Zn content is less than 7.5 at%, but these parameters begin to reduce in the higher Zn content range. The Zn addition was also beneficial to enhance the oxidation resistance of Ce-based BMGs. This is expected to provide a new chance for applications of the Ce-based BMGs in the future.
